Background: Atherosclerosis (AS) is a chronic inflammatory disease that contributes to multiple cardiovascular diseases (CVDs), and foam cell formation plays important roles in the progression of AS. There is an urgent need to identify new molecular targets for treating AS, and thereby improve the quality of life and reduce the financial burden of individuals with CVD. Methods: An in vitro model of AS was generated by treating THP-1 cells and human aortic vascular smooth muscle cells (HA-VSMCs) with oxidized low-density lipoproteins (ox-LDLs). HA-VSMC proliferation and foam cell formation were detected by the MTT assay and Oil Red O staining. C-X-C motif chemokine 12 (CXCL12) expression was suppressed by siRNA. An AS rat model was established by feeding rats a high-fat diet and vitamin D2 for 3 weeks. Histopathology examinations were conducted by Hematoxylin and Eosin (H&E) staining and the levels ionized calcium-binding adapter molecule 1 (IBA1) and α smooth muscle actin (α-SMA) expression were determined by ELISA assays and immunohistochemistry. Results: An in vitro model of AS was established with THP-1 cells. CXCL12 expression in the model THP-1 cells was significantly increased when compared with its expression in control cells. Suppression of CXCL12 expression reduced the progression of AS in the cell model. Moreover, CXCL12 promoted AS in the in vivo rat model. Conclusion: Our results suggest that CXCL12 plays an important role in promoting the progression of AS. Furthermore, inhibition of CXCL12 might suppress the development of AS by inhibiting HA-VSMC proliferation and their transformation to foam cells. were seeded into the lower chamber of a Transwell plate (3422, Corning, Corning, NY, U.S.A.), and THP-1 cells were seeded on to the upper chamber. The THP-1 cells were then treated with ox-LDLs. Next, the HA-VSMCs and THP-1 cells were cultured for 24 or 48 h.
Introduction
Atherosclerosis (AS) is a multi-step process that causes cardiovascular diseases (CVDs) by obstructing blood flow to the heart, brain or lower extremities via luminal stenosis or thrombosis [6] . Dysfunction of endothelial cells is the initial event in AS, and is followed by the release of low-density lipoproteins (LDLs), invasion of macrophages and vascular smooth muscle cells (VSMCs), foam cell formation, and extracellular matrix remodeling, all of which complete the AS process [31] . In the present study, we examined the molecular mechanisms involved in atherosclerotic plaque formation, with the goal of identifying new methods for treating AS.
The phenotypic switching of VSMCs has long been considered of fundamental importance to AS, which expresses macrophage markers and properties [32] . Suppression of VSMC phenotypic switching might be useful for treating cases of advanced AS [1] . The turnover rate of VSMCs in normal vessel walls is low, and the VSMC proliferation index is difficult to measure [37] ; however, it is known that cell proliferation becomes increased during the early stage of atherogenesis [5] . On the other hand, the proliferation of VSMCs is mainly reparative in atherogenesis; therefore, an increase in VSMC proliferation during the early stage of atherogenesis might be beneficial. However, no study has shown that direct intervention can avoid the phenotypic switching of VSMCs [3] .
C-X-C motif chemokine 12 (CXCL12), also known as SDF-1 (stromal cell-derived factor-1), is a chemokine protein that binds to two receptor proteins (CXC chemokine receptor 4 [CXCR4] and CXCR7) to regulate various biological processes [18] . Previous studies showed that CXCL12 is highly expressed in the pathological conditions associated with AS, including hyperlipidemia, pro-inflammatory responses, VSMC proliferation/migration and insulin resistance [8, 15, 33, 34, 39] . In addition, a high expression of CXCL12 and its receptors in carotid atherosclerotic plaque is closely related to the progression of AS [16, 24, 27] . However, the exact role of CXCL12 in AS is not fully understood.
In the present study, we used phorbol myristate acetate (PMA) to induce THP-1 cells to form macrophages and used oxidized low-density lipoproteins (ox-LDLs) to induce macrophages to form foam cells as a cellular model of AS. We next examined CXCL12 expression in the cellular model of AS and co-cultured ox-LDL-treated THP-1 cells with HA-VSMCs to determine the cell proliferation and foam cell formation capabilities of HA-VSMCs. Additionally, we used siRNA to suppress CXCL12 expression as a means of testing the effects of CXCL12 in the AS cell model. Moreover, CXCL12 expression was determined in in vivo using a rat AS model. 
Materials and methods

Cell culture
Human TPH1 monocytic cells and human aorta VSMCs were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FBS ( Immunofluorescence HA-VSMCs (2 × 10 5 ) were seeded on to coverslips in a 12-well plate and cultured overnight. After fixation with paraformaldehyde (4%), the cells were permeabilized with 0.1% Triton X-100 and then blocked with 2% BSA. The cells were then incubated overnight at 4 • C with a primary body against α smooth muscle actin (α-SMA) (A5228, Sigma, 1:200), followed by incubation with an Alexa Fluor 488-labeled secondary antibody (4408, Cell Signaling Technology, Danvers, MA, U.S.A., 1:500) for 1 h at room temperature. The cell nuclei were visualized by staining with DAPI. Finally, images of the stained cells were collected with a laser scanning confocal microscope (ZEISS LSM 710, Carl Zeiss, AG, Germany). P<0.001, HA-VSMCs+THP-1-NC siRNA+ox-LDL vs. HA-VSMCs+THP-1-CXCL12 siRNA+ox-LDL, HA-VSMCs+THP-1-CXCL12 siRNA+ox-LDL vs. HA-VSMCs+THP-1-CXCL12 siRNA+ox-LDL+CXCL12. 1, HA-VSMCs were treated with ox-LDL. 2, THP-1 cells were transfected with NC siRNA, treated with ox-LDLs, and co-cultured with HA-VSMCs. 3, THP-1 cells were transfected with CXCL12 siRNA, treated with ox-LDLs, and co-cultured with HA-VSMCs. 4, THP-1 cells were transfected with CXCL12 siRNA; next, CXCL12 and ox-LDLs were added to the cells, which were then co-cultured with HA-VSMCs. upper chamber was removed, and 100 μl of MTT (V13154, Thermo Fisher, Waltham, MA, U.S.A.) was added to the HA-VSMCs, which were then cultured for another 2 h. Finally, 500 μl of DMSO was added and the absorbance at 490 nm was determined with a microplate reader (iMark, Bio-Rad, Hercules, CA, U.S.A.). Each experiment was repeated three times.
ELISA for CXCL12
After 48 h of incubation, the cell culture supernatant was collected (for the co-culture system, THP-1 cells were co-cultured with HA-VSMCs; after 48 h, the THP-1 cells were removed and the culture medium in the bottom chamber was collected), and the ELISA was performed with an ELISA kit (DSA00, R&D Systems, Minneapolis, MN, U.S.A.).
Oil Red O Staining
Cells (3 × 10 5 ) were cultured overnight on slides and subsequently treated with ox-LDLs (50 mg/l) for the indicated time. After fixation with 4% paraformaldehyde, the cells were stained with 0.3% Oil Red O for 20 min, and images were collected with a Zeiss microscope (Imager A2, Carl Zeiss Microscopy, Germany).
Western blotting
Samples of total protein (30 μg each) extracted from THP-1 cells or VSMCs were separated by 10% SDS/PAGE. Next, the protein bands were transferred on to PVDF membranes (Millipore, Burlington, MA, U.S.A.), which were subsequently blocked with 5% non-fat milk. The membranes were then incubated with a primary antibody against CXCL12 (3740, Cell Signaling Technology, 1:1000) or GAPDH (97166, Cell Signaling Technology, 1:2000) at 4 • C overnight. The next morning, the membranes were washed three times with 1× TBST, and then incubated with HRP-conjugated goat anti-mouse (7076, Cell Signaling Technology, 1:5000) or anti-rabbit (7074, Cell Signaling Technology, 1:5000) 
RNA isolation and quantitative real-time PCR
TRIzol was used to extract the total RNA from cells. Next, samples of total RNA were reverse transcribed to cDNA with an M-MLV reverse transcriptase kit (TaKaRa Co., Dalian, China). The relative levels of GAPDH and CXCL12 expression were determined by real-time PCR performed with a SYBR Green qPCR kit (TaKaRa Co., Dalian, China). The primer sequences used were as follows:
SiRNA transfection
Cells were plated into a six-well plate and cultured to 30-50% confluence; after which they were transfected with siRNA by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, U.S.A.) according to the manufacturer's instructions.
The CXCL12 siRNA sequences were: F: 5-AUGGCUUUCGAAGAAUCGGCAUGGG-3 , R: 5 -CCCAUGCCGA UUCUUCGAAAGCCAU-3 .
AS rat model
Male Sprague-Dawley rats (12 weeks old) were purchased from the Animal Center of Shandong University. All animal experiments were conducted at the Experimental Animal Center of Shandong University, and all experimental protocols were approved by the Animal Care and Use Committee of Qilu Hospital of Shandong University. The SD rats were randomly assigned to a control group (n=5 rats) and an AS (model, n=5 rats). AS was established by feeding rats a high-fat diet plus vitamin D 2 (3 × 10 5 U/kg) for 3 weeks as previously described [40] .
Hematoxylin and Eosin staining
After 2 weeks of dietary treatment, the rats were maintained in a fasted state for 8 h prior to being anesthetized with sodium pentobarbital (50 mg/kg weight). The main pulmonary arteries of each rat were separated and fixed. Next, samples of pulmonary artery tissue were embedded in paraffin, sectioned, mounted on to slides, and stained with Hematoxylin and Eosin. Images of the stained tissues were captured with a light microscope.
Immunohistochemistry
Sections of paraffin-embedded arteries were deparaffinized and then rehydrated. The sections were then blocked with 2% normal goat serum and incubated with IBA (ab5076, Abcam, Cambridge, U.K,. 1:100) or α-SMA (A5228, Sigma, 1:200) antibodies at 4 • C, overnight. The next morning, the tissues were incubated for 1 h at room temperature with an HRP-conjugated secondary antibody. Hematoxylin was used for counterstaining.
Statistical analysis
All data were analyzed using GraphPad Prism 7.0 software, and results were shown as the mean + − SD. Differences between groups were evaluated using Student's t test, and a P-value <0.05 was considered to be statistically significant.
Results
Establishment and identification of an AS cell model
Foam cells play important roles at all stages of atherosclerotic lesion development [13] . The THP-1 cell is a monocyte model; therefore, we used PMA to induce THP-1 cells to transform into macrophages. Next, we used ox-LDLs to induce macrophages to transform into foam cells as a cell model of AS [4, 12] . As shown in Figure 1A , ox-LDLs induced macrophages to form foam cells after 24 h of treatment, as detected by Oil Red O staining. Previous studies found that CXCL12 and its receptors are closely associated with the progression of aAS [16] . We further detected the expression of CXCL12 in our cell model of AS by real-time PCR and ELISA. Our results showed that CXCL12 expression was significantly increased in ox-LDL-treated cells ( Figure 1B ), suggesting that CXCL12 was induced in the AS cell model.
Ox-LDLs promoted foam cell formation in HA-VSMCs
The differentiation, migration, and proliferation of VSMCs are involved in the progression of atherosclerotic plaque. Therefore, we treated VSMCs with ox-LDLs to examine foam cell formation by human aortic VSMCs (HA-VSMCs). Immunofluorescence assays showed that most of the cultured HA-VSMCs stained positive for α-SMA, a specific marker for smooth muscle cells, and the cells were spindle-shaped (Figure 2A) . Previous studies showed that foam cell formation and monocyte recruitment are essential processes in the pathogenesis of AS [7, 38] . We thus used ox-LDLs to induce foam cell formation. Foam cell formation was evaluated by Oil Red O staining, and the results showed that treatment with ox-LDLs had induced accumulations of lipid droplets ( Figure 2B ). We further detected CXCL12 expression in HA-VSMCs by ELISA and real-time PCR, and found that CXCL12 was significantly increased in ox-LDL-treated HA-VSMCs ( Figure 2C ).
Ox-LDL-treated THP-1 cells promoted HA-VSMC proliferation and foam cell formation
To test the effects of ox-LDL-treated THP-1 cells on the ability of HA-VSMCs to proliferate and form foam cells, we co-cultured HA-VSMCs with THP-1 cells that had been treated with ox-LDLs. Our results showed that co-culture with ox-LDL-treated THP-1 cells significantly increased the proliferation of HA-VSMC when compared with the proliferation non-co-cultured HA-VSMCs ( Figure 3A) . Additionally, foam cell formation also was increased among the ox-LDL-treated THP-1 co-cultured VSMCs ( Figure 3B ). Moreover, we detected CXCL12 expression by ELISA and Western blotting and found that ox-LDL-treated THP-1 significantly increased CXCL12 expression in VSMCs when compared with CXCL12 expression in THP-1 co-cultured HA-VSMCs (Figure 3C,D) . These results suggest that CXCL12 released by THP-1 cells may induce the proliferation of HA-VSMC and their transformation to foam cells.
CXCL12 regulated ox-LDL-treated THP-1 cell-induced HA-VSMC proliferation and foam cell formation
To estimate the effects of CXCL12 on HA-VSMC proliferation and foam cell formation, we used siRNA to decrease CXCL12 expression in THP-1 cells, and then detected the proliferation of HA-VSMCs with the MTT assay. As shown in Figure 4A , the proliferation of HA-VSMCs in the CXCL12-depleted AS cell model group was significantly attenuated when compared with proliferation in the control siRNA transfected group. Conversely, addition of CXCL12 to CXCL12 siRNA transfected THP-1 cells reversed the proliferative ability of HA-VSMCs ( Figure 4A ). Moreover, we measured foam cell formation by Oil Red O staining, and found that foam cell formation was also reduced by transfection with CXCL12 siRNA ( Figure 4B ). Furthermore, CXCL12 expression was detected by ELISA and Western blotting (Figure 4C,D) . Our results suggest that CXCL12 regulated the ox-LDL induced proliferation and foam cell formation of HA-VSMCs.
CXCL12 was increased in the AS rat model
To evaluate the expression of CXCL12 in vivo, we established a rat model of AS as demonstrated by Hematoxylin and Eosin (H&E) staining. The atherosclerotic rats had significantly more extensive lesions in their main pulmonary artery regions when compared with rats in the control group ( Figure 5A ). The levels of α-SMA and ionized calcium-binding adapter molecule 1 (IBA1) expression were tested by IHC and showed that IBA1 was significantly induced in the AS rat model (Figure 5B,C) . Next, samples of peripheral blood were collected and tested for CXCL12 expression by ELISA. The results showed that CXCL12 expression was significantly increased in the AS model rats ( Figure 5D ). Our data indicate that CXCL12 expression was enhanced in both the in vivo AS rat model and the in vitro cell model, suggesting that CXCL12 plays essential roles in AS progression.
Discussion
In the present study, we used HA-VSMCs and THP-1 cells to establish an in vitro AS model, and found that CXCL12 expression was significantly increased in the model when compared with the control. Additionally, suppression of CXCL12 reduced the progression of AS in the model cells. Moreover, CXCL12 also enhanced AS progression in a rat model. These results suggest that CXCL12 plays an important role in the progression of AS.
AS has long been known as a progressive chronic inflammatory disease of the arteries [25] . The subendothelial deposition of oxidized LDLs (ox-LDLs), the formation of foamy macrophages, and the proliferation/migration of VSMCs are central pathophysiologic steps in the formation of atherosclerotic plaque [20] . The excessive uptake of ox-LDLs by monocyte-derived macrophages and a decrease in cholesterol outflow are factors that accelerate atherosclerotic plaque formation, and also key processes that determine the size of atherosclerotic plaque [28] .
THP-1 cells are the most popular cell line used to explore the functions of monocytes and macrophages in the cardiovascular system [30] . A previous study showed that THP-1 cells have a morphology and differentiation capability similar to those of primary monocytes and macrophages [2] . PMA treatment of THP-1 cells was shown to reduce cell proliferation and induce phagocytosis, which leads to a mature macrophage phenotype [14] . Here, we treated PMA stimulated THP-1 cells with ox-LDLs to establish an in vitro cell model of AS, and found that ox-LDLs significantly induced foam cell formation in both THP-1 cells and HA-VSMCs.
The interaction between monocytes and VSMCs promotes the maintenance of subendothelial monocytes and macrophages in AS [28] , and may play an essential role in vascular calcification. The Transwell system was used for co-culturing of VSMCs and THP-1 cells to study this process [9] . VSMCs were cultured in the bottom Transwell chamber and THP-1 cells were cultured in the upper chamber to determine the effects of THP-1 cells on the foam cell formation and proliferation of VSMCs. These two cell lines shared the same culture medium. These Transwell co-culture studies showed that ox-LDL-treated THP-1 cells promoted HA-VSMC proliferation and foam cell formation.
The proliferation, migration, and differentiation of VSMCs is involved in atherosclerotic plaque progression, and dysfunctional VSMCs accelerate AS progression [22, 26] . When stimulated by a dysfunctional endothelium and inflammatory factors, VSMCs differentiate and proliferate, and form a fibrous cap [17] . Here, we provide evidence that ox-LDLs induced the expression of CXCL12 in PMA-stimulated THP-1 cells and HA-VSMCs. Suppression of CXCL12 in THP-1 cells reduced the proliferation of ox-LDL-treated THP-1 co-cultured VSMCs, and also the transformation of those VSMCs to foam cells, suggesting that CXCL12 released by macrophages contributes to the proliferation of VSMCs.
CXCL12 is an important survival factor for many cell types [10, 11, 21] . CXCL12 (also known as SDF-1) regulates various cellular activities by binding to CXCR4 or CXCR7 [18] . A previous study showed that human recombinant protein SDF-1 significantly increased the proliferation rate of VSMCs, while an anti-CXCR4 monoclonal antibody blocked the proliferation of VSMCs [23] . Additionally, SDF-1α expression was found to be enhanced in the tunica medias of thoracic aortas obtained from streptozotocin-induced hyperglycemic SD rats, and an SDF-1α neutralizing antibody weakened the high glucose-potentiated proliferation and chemotaxis of VSMCs [19] . Moreover, a study in mice showed that a local femoral artery injury induced local vascular SDF-1 expression, and a disruption of SDF-1/CXCR4 signaling suppressed the proliferative response during vascular remodeling [29] . Platelet-derived CXCL12 is an important chemokine, and CXCR4 and CXCR7 are involved in regulating the functions, survival, and differentiation of monocytes [11] . Previous studies showed that CXCL12 plays a role in AS progression and found elevated serum CXCL12 levels contributed to an increased risk for CVDs [35, 36] . Our results are consistent with previous studies, as they showed that CXCL12 expression was significantly increased in an in vitro co-cultured cell model and an in vivo AS model. Inhibition of CXCL12 release from macrophages reduced the proliferation of VSMCs, suggesting that CXCL12 released from THP-1 cells had stimulated the proliferation of VSMCs, leading to atherosclerotic plaque progression.
CXCL12 has served as a diagnostic and prognostic marker of AS-associated CVD [18] . Because CXCL12 displays pro-atherogenic properties, reducing its circulating levels or inhibiting its production might be a novel strategy for treating AS-associated diseases. However, no specific CXCL12 inhibitor or antibody has been found to prevent the progression of AS. In a subsequent study, we will examine whether inhibition of CXCL12 by a small molecular inhibitor or specific antibody might alleviate AS.
In conclusion, our results showed that ox-LDLs induced the release of CXCL12 from macrophages that were previously induced by PMA, and further promoted the proliferation of HA-VSMCs and their transformation to foam cells; these changes caused the formation of atherosclerotic plaque ( Figure 6 ). Our data showed that CXCL12 expression was significantly increased in both an in vitro co-cultured cell model and an in vivo AS model. Moreover, inhibition of CXCL12 reduced the proliferation of VSMCs. Because CXCL12 promotes AS progression, it may also have a role in treating AS.
